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ABSTRACT 


A finite element nodel of a composite, bonded, step 
joint was developed. The bonded joint model consisted of 
two straps of titanium with four steps each, one ply of 
boron-epoxy bonded to each step, adhesively bonded In a 
synnnetrlcal manner* A titanium face sheet was bonded to 
each strap to complete the structural model* The joint 
design was hypothetical and not intended to represent any 
specific structural joint* It was developed as a versatile 
tool for performing parametric studies to determine the 
effects of various materials properties and joint geometries 
on the stresses in a bonded step joint* ^slng this model 
and the RASTRAK computer program, an analytical Investigation 
of the effect of matrix and adhesive stiffnesses on the 
axial and shear stresses of the joint was conducted* There 
was no appreciable change In th:^ stresses due to changes in 
the st:^rfness of the adhesive which was varied from 3 U 5 ^'Pa 
to 3100 MPa. However, Increasing the modulus of the matrix 
from 1380 M?*» to A9OO MPa caused a 12 percent Increase in 
the boron fiber axial stress* *^he analysis demonstrates 
that the finite element model is a viable tool for making 
detailed analyses of the stresses in a step joint with an 
imposed load* It can be of significant value In the design 
of more efficient (higher strength to weight) joints tailored 
to specific applications* 

PAOB BLANK FlU.^ 
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CHAPTER I 


TNTRODttcTTON 

Beginning with the earliest flying machines, aircraft 
designers and builders have continually battled the problem 
of structural weight. One approach used to develop more 
efficient structures is high modulus fibers or cloth in a 
plastic matrix. The earliest attempt to apply this technloue 
to aircraft structures Is recorded in the patent application 
by Robert Kemp in 191^ (ref. 1). However, it was not 
until 19UU that the first aircraft flew with a structural 
component (the aft fuselage) which was fabricated uslne this 
technique. The material used for the structure was fiber- 
glass cloth In a plastic matrix. Materials of this type are 
normally referred to as composites. Today a number of other 
composite materials, such as graphite and boron In a plastic 
matrix, have been developed; however, there has been very 
little use of these composite materials In aircraft 
structures. A ma 1or reason why these materials have not 
been used more frequently is the lack of confidence in 
composite structures. 

Aircraft designers are continuing to develop more 
efficient structures and to make the beat use of the high 
modulus composite materials. In recent years considerable 
effort has been expended toward this end. Reference 2 
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(describes a number of existlnp; research programs designed to 
demonstrate the feasibility of composite structures. In the 
use of those composites, whether for entire structural 
components or for selective reinforcement of m.etallic 
structures, almost all spullcations have structural 
attachments consisting of metallic flttinms or concentrated 
load points. Developing an efficient desimn for the trans- 
ition from composite to metal has been one of t>^e m.ajor 
problem, areas encountered In the use of cor.posites. To 
solve this problem, a number of different ''ondinp technlaues 
such as lap shear, scarf, and step .io’nts have been proposed 
(refs. 3 tf-rough 11). Flcure 1 is «n example of how these 
technioues can be applied to practic"! situations. Composite 
structures such as this one are flrs^ attempts at designing 
and fabricating aircraft primary structures. With appropriate 
studyr considerable refinement of such >tructures is possible. 
In order to accomplish this, knowledge of the Influence of 
the various material properties and ,1olnt geometries Is 
needed. Therefore, in the design of bonded lolnta, an 
understanding of the stresses and strains induced in the 
joints by applied loads is needed In order to develop the 
most efficient structures. 

The purpose of this thesis is to develop a finite 
element model of a bonded step joint end to present the 
analytical results of a stress analysis of the joint. The 
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model developed was a symm 3 trlcal, eight-step, tltanlum- 
boron-epoxy joint and represents a veneral type of bonded step 
joint with which numerous parametric studies can be made. 

Such studies will be helpful in the development of more 
efficient bonded joints designed and tailored to specific 
applications, ^slng the finite element model of the step 
joint a study of the effect of adhesive and matrix stiffnesses 
on the axial, normal, and shear stress distributions In the 
joint WPS made and is Included as a pert of this thesis. The 
bonded joint analyzed is hypothetical but Is representative 
of structural joints that are being experimentally evaluated 
for aerospace applications. For example, the joint model 
developed for this thesis could be used to approximate the 
stresses and strains Induced In the joints of the structure 
shown in fig. 1. The NASA Structural Analysis Program 
NASTHAN (ref. 12) was used for the analysis. The elastic 
modulus of the adhesive was varied from WPa to 3100 wpg 
with the nominal value of a commonly used adhesive of 1030 
MPa. The elastic modulus of the composite matrix material 
was varied from 13^0 MPa to ^900 MPa with a nominal value of 
3100 MPa. These nominal values were used to analyze the 
axial, normal, and shear stresses In the joint; then, the 
elastic moduli were varied to determine their effect on the 
stresses in the joint. 
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CHAPTER IT 


RONDED STEP •T'^INT 

The bonded step ,1oint developed for and analyzed in 
this thesis was that of a symmetrici.' elpht-step ,1olnt 
(fig. 2). Each of the four-step titanium straps had one 
ply of boron-epoxy bonded to each step. The epoxy matrix 
material was used to adhesively bond the boron-epoxy to the 
titanium straps. These two straps and the associated 
composite material were bonded together with "n adhesive. A 
titanium face sheet was also bonded to each strap to complete 
the joint structure. The finite element model was extended 
sufficiently for beyond each end of the joint to preclude 
any influence cf edge effects in the ^olnt. 

This geometry was chosen for several reasons: It 

represents a typical step joint in bonded, composite joints; 
it appr. Imates scarf joints; tensile test specimens of the 
configuration can be readily fabricated; and the finite 
element model of the joint has relatively few decrees of 
freedom which helps keep the computer cost down. Pour steps 
were chosen for each strap of titanium in order to keep the 
model small and because it was assumed to he sufficient 
since the significant peak stresses were expected to occur 
in the first three steps (refs. 10 sid 13 )• 
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CHAPTER III 


FINITE ELEKENT MODEL 

The finite element model developed to study the bonded 
step Joint consists of guedrilatersl elements. Since the 
Joint is symmetrical, it is necessary to model only one-half 
of it. Figure 3 is s sketch of the analytical model showine 
the elements and constituent arrangement. This sketch is 
not drawn to scale; it is presented only to show the elements 
and the relative arrangement of the four materials (i.e., 
titanium, adhesive, epoxy matrix, and boron fibers) in the 
model. The model was arranged so that the material properties 
of each constituent could readily be changed. In order to 
study the stresses in each constituent of the composite, 
each ply of boron-epoxy was divided into equal volumes of 
boron and epoxy. This is the nominal volume fraction 
normally used for boron-epoxy (ref. 11;). For this model 
the boron filament volume was assumed to be distributed in 
a continuous, uniformly thick layer of boron sandwiched 
between equal volumes of epoxy. In order to simulate the 
epoxy bond in an actual composite layup, the end of each 
boron fiber was bonded to the titanium strap with an element 
of epoxy. Although this bond thickness, 0.2^ cm, is larger 
than those normally fabricated in composite structures 
(thicknesses up to approximately 0.1$ cm), it was not 
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considered to slpnlflcantly effect the results. 

The elements and grid points were numbered from l-*ft 
to right starting at the lower left corner of the model. 

The model has 5UC grid points, U9l| elements, and 1033 degrees 
of freedom. These degrees of freedom consist of transla- 
tional motion In the x and y directions for all P-rld points 
except those at x*C and those at y-ymax t*’ip^ure 

4 is a sketch of one-half of the joint showing the imposed 
boundary conditions. The neutral axis of the ioint Is the 
upper horizontal line and is marked centerline. The grid 
points at x=0 are restricted to translational motion in the 
y-direotion. This fixes the left end of tne model to allow 
the right end to be displaced and allows displacement in the 
y-direction to accoxuit for the Poisson effect. Those points 
at y=ymax are restricted to translational motion In *e 
x-dlrection since they are at the neutral axis of the model. 
In axial loading the neutral axis would not be displaced 
until instabilities were achieved. This study does not 
Include such deformations. The grid point at x=0 and 
is res^rJjted in both directions since it is at the neutral 
axis and at the fixed, left end of the model. 

Since It would be extremely difficult to determine the 
load values for each grid point, at the right end of the 
model, a uniform displacement (^6? cm) was Imposed on all 
the grid points at the right end of the model as shown by 
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Figure 4, - Boundary conditions Imposed on the finite element model. 




the dflshed line in fig* i|» The uniform displacement simulated 
an axial load on the model and was calculated from strain 
mea^tirements published in ref. 13. 

The assumptions made for this analysis were: 

1. Stress-strain relationship Is linear within 
the area of interest for both the epoxy matrix 
and adhesive. 

2. Poisson’s ratio of epoxy equals 0.3 

3. Poisson’s ratio of adhesive equals O.I4. 

U. Elastic modulus of titanium eouals 1.10 x 10 MPa 

cj 

5. Elastic modulus of boron eouals ?.l4‘? x 10 MPa 

A. Plane stress (Membrane elements were used in 
the N*STP.*N program.) 

The NASTRAN computer program is a finite element 
program developed under NASA contract. It was developed 
as an aid in the analysis and design of general structures. 

The program computes the axial, normal, and shear stresses 
of the elements; the grid point displacements; and the 
forces at the constrained grid points. Only the stresses 
will be presented in this analysis. 
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CH<IPT?K IV 


R^S^XTS AND DTSOUSSTON 

The numerical results presented in this thesis nre 
believed to be within ^ percent of what they would be if the 
.lolnt were loaded experimentally. Creditability of this 
statement is based on the results presented In ref. 13 where 
analytically determined strains compared favorably with 
measured strains in the bonded lolnt. The numerical analysis 
techniques of ref. 13 «nd this thesis are identical. A 
different finite element model was developed for each lolnt. 
However the differences In the models are not expected to 
significantly affect the accuracy of the results. 

Nominal values of 310C >*?a and 1030 MPa were used 
respectively for the elastic moduli of the epoxy matrix 
and adhesive systems. These values represent those of 
commonly used systems and were used as a base for the stress 
analysis, before discussing the effects of chancres In these 
moduli on the axial and shear stress distributions in the 
Joint, the stresses developed using the nominal moduli 
values will be discussed. 

A contour plot of the axial stress distribution in the 
Joint model is shown in fig. A discussion of how such 
contour plots are generated by the use of a digital computer 
program is given in ref. 1*3, The contour lines are at Aq MPa 
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Intervals* Dark lines have been added to the plot to show 
the step joint and the various constituents of the wodel* 

The boron fibers are readily identified by the four concen- 
trations of contour lines, indicating the areas with the 
highest axial stresses. The peak stress occurs in the boron 
fiber adjacent to the centerline of the wodel. This neak 
stress occurs lust above the matrix bond at the start of the 
next step. Perturbations In the axial stress in the first 
boron fiber also occur at each of the other two step locations 
and at the end of the titanium strap. These perturbations 
will be discussed in greater detail l“ter in this thesis. 
Likewise, each change in configuration causes perturbations 
in the stress distribution of each of the ot*^er fibers. 

This is also true for the titanium strap and face sheet. 

No appreciable axial stresses are developed In the adhesive 
and matrix materials* 

A similar contour plot for the normal stress distribu- 
tion is shown in fig. A. In this plot the contour lines 
are at MPa Intervals. t>ark lines have been added to 

the plot to show the step joint and the various constituents 
of the model. The peak normal stresses, in both the boron- 
epoxy and the titanium, are at the same locations as the 
peak axial stresses in fig. ^ and are related to these 
letter stresses through the Poisson effect. Note that there 
is zero normal stress at all edges. 







Pigiire 7 is a contour plot of the shear stress dietrl- 
butlon in the joint model* The contour lines are at 1*3^ PPs 
intervals* The specific locations of the peak shear stresses 
are readily identified and are in the immediate vicinity of 
the bonded step joint* The critical shear stresses occur in 
the first ply of boron-epoxy and will be discussed in areater 
detail later in the thesis* There is essentially no shear 
stress developed in the adhesive layers or in the titanium 
face sheet* 

In order to look at the stresses in crlticel areas of 
the joint in greater detail than has been shown in the 
contour plots, the axial and shear stresses in certain rows 
of elements are presented* Figure 8 is a plot of the nor- 
malized axial stress plotted as a function of distance along 
the model of the row of elements containing the first ply 
of boron fibers* This row of elements is specified by the 
labeled and dotted area in the schematic at the top of 
fig* 8* Starting at the left end of the joint model, the 
axial stress is constant (approximately 0*29 times the peak 
stress) along the model to the first step* At this point 
the stress decreases, rapidly, to essentially zero* This 
sudden decrease in the axial stress is due to and occurs in 
the element of epoxy matrix that bonds the end of the boron 
fiber to the titanium strap (see fig* 3)* The next element 
in the row is boron and the axial stress at this point (the 
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centroid of the element) has Increased considerably. F»*om 
this point the stress continues to Increase along the length 
of the first step« At the start of the second step u/iere is 
another abrupt increase in the axial stress of the fiber. 

This peak stress is the maximum axial stress in the joint 
and is caused by the decrease in effective cross-sectional 
area at the epoxy bond between the titanium strap and the 
end of the second boron fiber. Prom this point the stress 
continually decreases, with progressively decreasing pertur- 
bations caused by the successive steps, until t*^e end of the 
titanium strap is passed. Prom ^e end of the strap to the 
end of the model there are no further changes In conf Iviiratlon 
and the axial stress is constant (0.?U times the pea < stress). 
Figure 8 readily points out where the maximum stress occurs 
in the boron fiber and shows the axial stress profile of an 
Individual ply of a bonded step Joint. 

Since the shear stresses on the boron fibers are small 

they were not plotted but are presented in Table I. The 

computed values in the table are for the row of elements 

containing the first ply of boron. In the table the 

normalized values end the actual stress values of the shear 

stress are listed. These actual stress values are derived 

0,032 

from the Imposed dlsplace'^ent (^38 cm) previously described. 
This displacement is representative of the average strain, 
over the length of the model, for a realistic design ultimate 
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TABLE I.- CoBqput9d shear stress along the row of 
elements containing the first ply of boron 
fibers* 


Element 

nuBA>er 

Distance along 
model, cm 

Shear stress, 
r. Pa 

t/t * 
oax 


0.318 

6.21 X 10? 

0.000 

■ISH 

0.953 

1.38 X 104 



1.588 

3.72 X 104 



2.222 

-7.73 X 104 



2.413 

-7.91 X 10$ 



2.667 

-1.91 X 105 



2.921 

1.22 X lOj 


440 

3.175 

3.12 X 102 


Ui+l 

3.429 

4.31 X lOj 


442 

3.683 

-1.41 X 102 

0.115 

kk3 

3.93? 

4.42 X lOj 

0.361 

W 

4.191 

9.20 X lOf 

0.075 

UU5 

4.|^5 

1.5P X lo; 

0.129 


4.699 

-6.29 X lOf 

0.051 


4.953 

1.68 X 102 

0.137 

kUB 

5.207 

1.87 X 102 

0.015 

449 

5.461 

-1.02 X 105 

0.006 

450 

5.715 

-3.04 X io5 

0.025 

451 

5.969 

-1.67 X io5 

0.014 

452 

6.223 

1.10 X 103 

0.000 

453 

6.477 

-3.09 X io5 

0.025 

454 

6.731 

4. 06 X 105 

0.033 


7.049 

5.54 X lof 

0.045 

456 

7.557 

-5.65 X lo4 

0.005 

457 

8.192 

-2.18 X 104 

0.002 

458 

8.827 

1 

-1.24 X 103 

0.000 


“ 12.25 MPa 

max 
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load. 

Since the load is transferred from the titanium strap 
to the boron fibers through the matrix, the shear loading 
of the matrix is important. Figure 9 is a plot of the 
normalized shear stress as a ftinction of distance along the 
model for the epoxy matrix row of elements. This row of 
elements is specified by the labeled and dotted area in the 
schematic at the top of fig. 9* *s previously stated, the 
stresses are computed at the centroid of each element. 
Starting at the left edge of the model, the shear stress is 
zero nearly all the way to the first step. Hear the first 
step and in the titanium strap, the stress Increases rapidly 
to 8 maximum. The stress then decreases somewhat in the 
first element of epoxy, but peaks again In the second element 
of epoxy. This second element of epoxy is Immediately below 
the end of the boron fiber and is exposed to the highest 
shear stress of any of the epoxy matrix. In fact this stress 
is 0.9 times the peek shear stress in the titanitim. The 
matrix immediately below the end of the fiber is the location 
at which initial Joint failure would be expected to occur. 
Prom this point the shear stress continually decreases, with 
progressively amaller perturbations caused by the successive 
steps, to the end of the model where the shear stress is 
zero. 

Since the axial stresses in the epoxy matrix are 
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of eleaence 
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Figure 9. ■> Sheer stress Along the row of eleaents contslning epoxy astrix 

of the first ply of boron-epoxy. 




relatively small, they were not plotted but are pres-^nted 

in Table IT* ^oth the normalized and actual values are 

presented* The actual stress values are derived from the 

0 , 032 - 

imposed displacement of cm* 

In the analysis two specific locations were consldereu; 
the matrix element exhl'^ltinv the hirhest shear stress (flff* 9) 
and the element of the boron fiber immediately above the 
matrix element* Plvure 10 presents the axial stress data 
for the matrix element* The normalized axial stress is 
plotted as a function of the elastic modulus of the adhesive* 
The four curves are for the different matrix el&stlc moduli 
used in the study* Tt is clear that there Is no slpnlflcant 
change in the stress due to chanpes in the modulus of the 
adhesive. This is no surprise* The adhesive was onlv used 
to bond layers of material together (flps. and 3) and, due 
to its low modulus value has low loading (figs* and 7)* 

There is a significant change In the axial stress of the 
matrix due to changes In stiffness though* Figure 11 shows 
this more clearly than fig. 10 by plotting the normalized 
axial stress as a function of the elastic modulus of the 
matrix. The increase in the stress is directly proportional 
to the Increase In the modulus. Pven with a tvo fold 
increase in the stress from that of the nominal value (3100 
MPa) the modulus of the matrix is too small to greatly 
change the overall loading of the model* 
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TABLE II •- Computed elwit stress along the row of 
elements containing epoxy matrix of the first 
ply of boron-epoxy* 


Element 

nu^er 

Distance along 
models cm 

Axial stress, 
a. Pa 

ggjU 

1*06 

0*318 

4*31 X 10® 
4*31 X log 

1.000 

U07 

0.953 

1.000 

U06 

l.<88 

4*31 X 10” 
4*31 X 10^ 

1.000 

U09 

2*222 

0.998 

lilO 

2*bl3 

4*27 X 10*^ 

0.989 

uii 

2.667 

1*57 X lOj 

0.037 

U12 

2*921 

1.05 X 107 

0.025 

U13 

3.175 

1.12 X 107 

0.026 

W 

3.429 

1.10 X 107 

C.026 

415 

3*683 

1.34 X lOj 

0.031 

416 

3*937 

9*94 X 106 

0.023 

417 

4.191 

1*02 X 107 

0.024 

418 

4.445 

1*03 X 107 

0.024 

419 

4.699 

1*14 X lOj 
9.^5 X 107 

0.027 

420 

4.953 

0.022 

421 

5.207 

9*43 X 107 

0.022 

422 

5*461 

9*61 X 10^ 

0.022 

423 

5*715 

1*02 X 10 J 

0.024 

424 

5*969 

9*14 X 107 

0.021 

425 

6.223 

8*76 X 107 

0.020 

426 

6*477 

8*96 X 107 

0.021 

427 

426 

6*731 

7*049 

9*58 X 107 
9*78 X 107 

0.022 

0*023 

429 

7.557 

9.77 X 107 

0.023 

430 

8*192 

9.76 X 10^ 

0.023 

431 

0*827 

9.76 X 10^ 

0.023 


*0 « 431 MPa 

max 
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The load la transferred from the titanium strap to the 
boron fibers by shear deformation of the epoxy matrix* 

Figure 12 presents the normalised shear stress on the matrix 
material as a function of the adhesive modulus. The data 
presented in the figure is for the matrix element exhibiting 
the highest shear stress (figs* 3 and 9). The envelope 
indicated by the dotted aiea represents the total change 
due to changes In the stiffnesses of the adhesive and matrix* 
The change In the shear stress due to changing the modulus 
of the adhesi-o Is Ins ifrnlf leant* Although changing the 
stiffness of the matrix increases the shear stress on the 
element, the Increase is practically insignificant. 

Figure 13 shows the normalized axial stress of the 
boron fiber plotted as a function of the elastic modulus 
of the adhesive. The portion of the fiber considered Is 
the element directly above the matrix element with the 
highest shear stress* Again there Is no significant change 
In the stress due to changes In the adhesive modulus* There 
are changes, however. In the stress due to the changes In 
the matrix modulus* Figure lU shows this more clearly than 
fig* 13 by plotting the normalized axial stress of the 
boron-fiber element as a function of the elastic matrix 
modulus* There Is a significant change In the axial stress 
of the fiber element* Increasing the modulus of the matrix 
from 13^0 MPa to f900 MPa Increases the axial stress of the 
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gure 12. - Effect of matrix and adhesive elastic moduli on the shear 

stress of the matrix. 






fiber element by 12 percent. 

The axial stress of the boron fiber Is Increased by the 
use of a stlffer matrix. This Information can be used as a 
tool in tailoring joints to specific applications, ^or 
example, if the peak shear stress in the mat^’ix is not 
detrimental, then the incorporation of a stlffer matrix 
would aid in transferring tVie load through the joint in a 
shorter distance and hence would result in a lighter weight 
structure. TTslng alumintim as the stlffer matrix would 
decrease the efficiency of the composite (l.e., the strength 
to weight ratio would be less with the aluminum than with 
the polymeric matrix). Therefore a tradeoff between the 
matrix strffness and composite efficlenry is reouired. 

Another way in which the joint model could be used in 
this type of analysis Is to redistribute the load so that 
it would be transferred more evenly throughout the entire 
Joint. This could be accomplished by the use of a "soft” 
(low stiffness) matrix material in the first ply and 
gradually increasing the matrix stiffness in the successive 
plies. 

These are just two examples of the ways in which the 
finite element model developed in this thesis can be used to 
aid in the development of more efficient bonded joints or 
joints tailored to specific applications. The study made 
using this model is only one of many required in order to 
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understand the Influence of the various parameters (l»e*» 
step length, multiple plies per step, fiber stiffness per 
ply, and matrix stiffness per ply) and the interactions 
thereof in bonded composite joints* 
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CH4PTFR V 


CONrLUDim RWePKS 

A finite element model of a bonded, step joint was 
developed. The joint design was hypothetical and not 
intended to represent any specific structural joint but 
was developed as a versatile tool for performing studies to 
determine the effects of variour material properties and 
joint geometries on the stresses in a loaded step .‘oint. 

In this thesis only the moduli of the adbpsive and the matrix 
materiel were varied In order to determine- the effect. If 
any, of each on the stresses in the b-’nded joint. It was 
shown that the stiffness of the adhesive as used In the 
model had essentially no effect on stresses. 

Stiffness of the matrix material, which was .«lso used 
as the adhesive between the titanium and the boron-epoxy, 
did effect the stresses in the joint. Changin'? the elastic 
matrix modulus changed the stresses to some extent. Although 
the Increase in the matrix modulus (by a factor of five) had 
little effect on the shear stress of the matrix. It did 
Increase the local axial stress of the boron fiber. This 
indicates that the stiffen matrix transfers the lead into 
the boron fiber more quickly than one with the nominal 
value of elastic modulus. 

The finite element model developed in this thesis, in 
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conjunction with the NASTRAK computer program, is a viable 
tool for making (’etailed analyses of the stresses In an 
actual step Joint with an imposed load. It can be used to 
determine the effects of each of the variables In the bonded 
lint on the stress distribution in the Joint. Therefore 
it can be of significant value In the design of more efficient' 
Joints tailored to specific applications. 
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APPEf’^IX 


NASTRflN IKPITT/OlTm* 

The KASTRAN computer program Is s finite element program 
and requires a considerable amount of computer storage, a 
minimum of ll+O.OCO oxtal locations of core storage* ^ 
detailed description of the program Is given In ref. 12, 

The model used in this static analysis was composed of 
membrane elements. Although the axial, normal, and shear 
stresses were the only parameters used In this study, other 
parameters, such as grid point displacement and forces at 
the constrained grid points, were also computed, a sample 
of the Input element (CQhl-'SM), grid point ( jRTT>), and the 
computed stress output data Is enclosed In the appendix and 
is printed in U.S. Customary Units. Listed below is a brief 
descrlDtion of the parameters In each of the columns of the 
input element and grid cards. 

Element Cards 

Column 1: CCn>'EN Is the name of the ouadrl lateral 

membrane element. 

Coltnnn 2: The individual element Identifier 

Column 3! The number that identifies the element 
material (titanium, boron, etc.) 

Columns U • The four grid points of the element 
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Colvunn 8: 


Material property orientation angle 


Grid Cards 

Column 1: Grid is the name used to Identify the t^rld 

point. 

Column 2: The individual grid point identifier 

Column 3^ Identification number of coordinate system 
in which the location of the grid point 1 s 
defined 

Coltamn I 4 - 6 : Cartesian x, y, and 7 coordinate values 

Column 7t Blank 

Coliunn 0: Grid point constraints 

The rows of dots represent areas of omitted data, and 
the output stress data is felt to be self-explanatory. 
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INPUT DATA 



• 1 

.. 2 .. 

9 .. 4 

.. 5 

.« 6 

.. 7 

m m 

l- 

CQ0M6M 

1 

1 

2 

29 

28 

.0 

2- 

CUOfieit 

2 

2 

9 

90 

29 

.0 

9- 

CQ0N6N 

9 

9 

4 

11 

90 

.0 


COON€f« 

4 

4 

5 

12 

91 

•0 

5 - 

COOMiN 

5 

5 

6 

11 

12 

•0 

o- 

C00N6H 

6 

6 

7 

14 

11 

• 0 

7- 

C00M6N 

7 

7 

8 

15 

94 

•0 

d- 

C00M6fl 

8 

e 

9 

16 

95 

.0 


CaONCN 

9 

9 

10 

17 

96 

.0 

lo- 

COOMCN 

10 

10 

11 

16 

97 

•0 

ll- 

COaMEN 

It 

ll 

12 

19 

98 

• 0 

12- 

COOHEN 

12 

12 

19 

40 

99 

• 0 

19- 

COUHCH 

19 

13 

14 

41 

40 

.0 

14- 

CaOMEM 

14 

14 

15 

42 

41 

.0 

15- 

CQONEN 

15 

15 

16 

^9 

42 

• 0 

15- 

COONEM 

16 

16 

17 

44 

49 

.0 

17- 

COlMiEH 

17 

17 

18 

45 

44 

.0 

18- 

CaiONEN 

18 

18 

19 

46 

45 

•0 

19- 

COmMEN 

19 

19 

20 

47 

46 

• 0 

20- 

COOMEM 

20 

20 

21 

48 

47 

.0 

21- 

CQOMEM 

21 

21 

22 

49 

48 

.0 

22- 

CQONEN 

22 

22 

29 

50 

49 

.0 

29- 

C«*UHEM 

29 

29 

24 

51 

>1 

.0 

24- 

COONEfl 

24 

24 

25 

52 

SI 

•0 

25- 

COONEH 

25 

25 

26 

51 

52 

.0 

26- 

CQOMEH 

26 

26 

27 

54 

59 

•0 

27- 

CQU«IEII 

28 

28 

29 

56 

55 

•0 

28- 

CwOMEN 

29 

29 

90 

57 

56 

•0 

29- 

COONEN 

90 

90 

11 

58 

57 

•0 

90- 

CQ0N£N 

91 

91 

92 

59 

58 

.0 

91- 

CQOitEH 

92 

92 

19 

60 

$9 

• 0 

92- 

COUNEM 

99 

99 

94 

61 

60 

.0 

91- 

CgOHEN 

94 

94 

15 

62 

61 

.0 

94- 

CQOMEN 

35 

95 

96 

61 

62 

.0 

95- 

CgU«lEM 

96 

96 

17 

64 

61 

.0 


491- 

CQOIIEN 

509 

492- 

CgONCN 

510 

499- 

COUMEH 

511 

494- 

CUONEM 

512 

495- 

GRID 

1 

496- 

GfUO 

2 

497- 

GfUO 

9 

498- 

GRID 

4 

499- 

GRIO 

5 

500- 

GRID 

6 

501- 

GRIO 

7 

502- 

GRID 

8 

509- 

GRID 

9 

504- 

GRIO 

10 

505- 

GRIO 

11 

506- 

OUO 

12 

507- 

GRID 

19 

508- 

GRIO 

14 

509- 

GRID 

15 

510- 

GRIO 

16 

511- 

GRIO 

17 

512- 

GRID 

18 

513- 

GRIO 

19 

514- 

GRIO 

20 


2 

509 

510 

2 

510 

511 

2 

511 

512 

2 

512 

511 


0 *0000 *0000 

0 25 .00 00 .0000 

0 50.0000 .0000 

0 ?5.0000 .0000 

0 00.0000 .0000 

0 100.0000.0000 

0 iio.0000.0000 

0 120*0000.0000 

0 190.0000.0000 

0 140.0000.0000 

0 150.0000.0000 

0 160.0000.0000 

0 170.0000.0000 

0 180.0000.0000 

0 190.0000.0000 

0 200.0000.0000 

0 210.0000.0000 

0 220.0000.0000 

0 290.0000.0000 

0 240.0000.0000 


517 

516 

• 0 

518 

517 

•0 

519 

518 

• 0 

540 

519 

• 0 

.0000 


11456 

•0000 


9456 

.0000 


9456 

•0000 


9456 

•0000 


9456 

.0000 


9456 

.0000 


1456 

.0000 


1456 

•0000 


1456 

•0000 


1456 

•0000 


1456 

•0000 


1456 

•0000 


1456 

•0000 


9456 

•0000 


9456 

.0000 


9456 

.0000 


9456 

*0000 


1456 

.0000 


9456 

•0000 


1456 
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INPUT DATA 


CMD 

cmmf 

• & 

• • 2 

m m 

1 •« 6 5 

.. 0 .. 

f .. 0 .. 9 .. 10 

51S- 

GH10 

21 

0 

25O.0000.00O0 

.0000 

1656 

516- 

GftlO 

22 

0 

2I60.00O0.00O0 

.0000 

1656 

51?- 

GftlO 

21 

0 

220.0000.0000 

.0000 

1656 

51S- 

6HIO 

26 

0 

285.0000.0000 

.0000 

1656 

519- 

Git 10 

25 

0 

110.0000.0000 

.0000 

1656 

5?0- 

GftlO 

26 

0 

115.0000.0000 

.0000 

1656 

5?l- 

GItiO 

2? 

0 

16O.OOO0.OOOO 

.0000 

1656 

5^^- 

GGtO 

28 

a 

•OOOO .2500 

.0000 

11656 

5?J- 

GAIO 

29 

0 

25.0000 .2500 

•0000 

1656 

52%- 

GAIO 

30 

0 

50.0000 .2500 

.0000 

1656 

525- 

GRID 

11 

0 

75.0000 .2500 

.0000 

1656 


1016- 

Goto 

522 

0 

130.00003.9660 

40 0000 


23656 



1017- 

OHIO 

521 

0 

160.00003.9660 

•0000 


23656 



1018- 

GRID 

526 

0 

150.00003.9660 

.0000 


23656 



1019- 

GRIO 

525 

0 

160.00003*9660 

.0000 


23656 



1020- 

GRID 

526 

0 

1?0. 00003. 9660 

•0000 


21656 



1021- 

GRIO 

52? 

0 

160.00003.9660 

.0000 


21656 



1022- 

GRID 

520 

0 

190.00003.9660 

.0000 


21656 



1021- 

GRID 

529 

0 

200.00003.9660 

.0000 


21656 



1026- 

GRID 

510 

0 

210.00003.9660 

•0000 


21656 



1025- 

GRIO 

511 

0 

220.00003.9660 

.0000 


21656 



1026- 

GRIO 

512 

0 

230.00003.9660 

•0000 


23656 



1027- 

GRIO 

511 

0 

260.00003.9660 

.0000 


23656 



1028- 

GRIO 

516 

0 

250.00003.9660 

•0000 


23656 



1029- 

GRIO 

515 

0 

260.00003.9660 

.0000 


23656 



1010- 

GRIO 

516 

0 

270.00003.9660 

.0000 


23656 



lOlt- 

GRIO 

51? 

0 

285.00003.9660 

.0000 


23656 



1012- 

GRID 

518 

0 

110.00003.9660 

.0000 


23656 



1011- 

GRIO 

519 

0 

315.00003.9660 

.0000 


21656 



1016- 

GRIO 

560 

0 

360.00003.9660 

•0000 


21656 



1015- 

M6T1 

1 

16.66 

6.I5»6 .1 

1.0 

1.0 

1.0 

1.0 

♦AOCl 

1016- 

»66CI 

1.066 

1.066 

l.0^6 






1017- 

NAfl 

2 

1.5065 

5.360^6 .6 

1.0 

1.0 

1.0 

1.0 

♦A0C2 

1018- 

»6aC2 

1.066 

1.066 

1.066 






1019- 

non 

1 

6.5065 

1.71065 .1 

1.0 

1.0 

1.0 

1.0 

♦ABCl 

1060- 

»6BC1 

1.066 

1.066 

1.066 






1061- 

H671 

6 

50.066 

20.066 .2 

1.0 

1.0 

1.0 

1.0 

♦A6C6 

1062- 

♦A8C6 

1.066 

1.066 

1.066 






1061- 

RUOR€W 

1 

1 

1.0 0.0 

2 

2 

1.0 

0.0 


1066- 

PllOMifI 

1 

1 

1.0 0.0 

6 

6 

1.0 

0.0 


1065- 

SRC 

20 

27 

1 1.25 

56 

1 

1.25 



1066- 

SRC 

21 

81 

1 1.25 

106 

1 

1.25 



1067- 

SRC 

22 

115 

1 1.25 

162 

1 

1.25 



1060- 

SRC 

23 

109 

1 1.25 

216 

1 

1.25 



1069- 

SRC 

26 

263 

1 1.25 

270 

1 

1.25 



1050- 

SRC 

25 

29? 

1 1.25 

326 

1 

1.25 



1051- 

SRC 

26 

351 

1 1.25 

370 

1 

1.25 



1052- 

SRC 

2? 

605 

1 1.25 

632 

1 

1.25 



1051- 

SRC 

28 

659 

1 1.25 

606 

1 

1.25 



1056- 

SRC 

29 

513 

1 1.25 

560 

1 

1.25 



1055- 

SPCAOO 

5 

20 

21 22 

23 

26 

25 

26 

♦CONTI 

1056- 

♦CONU 

CROOAfA 

27 

28 

29 
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OUTPUT DATA 


SfKfcSSeS tfl OUAORItATERAi M(HaAA«i€S 

i lehiM $fiuss€s in EieNEnf cixmo system 

Id. nURlIRL-X MOflllRt-V SNERfl*XV 

I «2.srs09«€^s -20«9%aa%SE*02 IS.<H?62ME*02 

I 62 .ST 66 m»(l 3 -SU 2 rS 2 ^- 0 l 2 S* 267 n 6 tE- 0 | 

i -2i«SaSSS)E»0Q -20.l0ll)S€-0a 

« 61*(K91%0€«Ol -S^»0^rme«00 -I2.R4T069E»01 

^ -9II,<»24«ISE*00 )S.%409|0e»0l 

^ Rf.TS^ilte^OS ?4.m)89€«0l -U.|905SSE«00 

7 61.990ii9€»0S -28«S7%l95E^Ol -)l.00T094C#0l 

s S4.ea92ft)c#oi -2^.%u»(i9ee*oi u.^2Siooc»ot 

) SR*TSt9O€#0% -i9.6iSl40E»Ot 22«602662€«0l 

«2.mi06e«>0t -22«S4064lS€«00 
U SS»7^7^i9€♦0) -26.23S^69€«0i -!?• 99449 U *01 

^^ S).6T0^l6E*0i -l/.>TSn«£»Ol Tl .9801 TlE^^OO 

iy 5).46lT29C»dS -22«440S49C*01 13.0422 20f^01 

49 S4.T19ST9€*03 6S.SSI446E^0I -I0.2313S2E»00 

l> S0.47S399EO3 -3J. 4t I lOTCMU -82.T04229E400 

IS 99«l0fSaiE*03 -ir.94S94SC40l S4.329022E900 

it ^9.3IST98C403 -29.9T4944E^0I 34.234436( 900 

19 S3.6ll4d4C903 4T.921609E90I -23.4237036-01 

13 46.SJ40006903 -90.42 3S196901 94.2799986-01 

23 94.4101 10€9(|S -l4. 799I40C901 97.9494646900 

21 99.0046826903 -41.7784046401 - 10.2297476 »01 

22 >0.9948096403 43.0299366401 71.7130386400 

23 90.9440496403 22. 1092716400 -29.3336106400 

24 90.9090926403 -60.7739026-01 -30.0176446-01 

29 >0.3699206 403 -24. 33 77426-01 - 10.4244296 -01 

25 90.3999936403 -99. 1071206-02 -71.8999996-03 

23 42.9790496403 -23. 3772746-02 14.7799096-02 

24 62.9767676 433 -32.9809766-01 23.7 924996-01 

30 62.6140246433 -22.0909706400 -46.3490676-01 

if 63.0370236403 -60. 1631216400 -14.9931486401 

32 64.9317096403 -10.3464716401 27.4226376401 

ii 67.6479066 403 76.999461640 1 29.36910064Q0 

34 61.4292626403 -29.0994966401 -19.41697)64 01 

39 90.4413626403 -21. 6163446 40 1 19.9426936401 

36 98.7931406403 -19.4367906401 19.2363066401 


494 

499 

496 

497 
%94 
V99 
330 

301 

302 
333 
934 
309 

906 

907 
904 
909 
913 
911 
312 


99.3260096401 16.742)028401 77.4641446-02 

94.3476416401 14. 7209226400 91.9930996-02 

61.9916696401 -46.47I044640C -47.4341226-02 
40.3314946401 -24. 0066946400 -96.4021076-02 
90*7937406401 40.4609786400 26.9304496-02 

90. 7 94 1 766 401 19. 0329 326 4 00 33 . 7645 776 -02 

94.6769976401 09. 1976916-01 -29.0424396-02 

46.9236926401 -17.6707366400 -61.2463436-02 
49.3996366401 -10. 1490276400 87.2797096-03 

47.2111976401 20.3900916400 21. 3241996-02 

90.2876006401 49.9143976400 -21.0914896-02 

43.4276016401 -17.9424796400 -49*9128946-02 
40.4947906401 -67.0440616400 -70. 9016746-03 
42.3914346401 -33.4160436400 24.7463096-02 

47.0493136401 27.9997166400 32.4300776-02 

40.0999296401 27.4909996400 94.2109416-03 

47.3017916401 40.2173096-01 -36.0343206-03 

47.2062416401 -77.2497026-03 -74.7837106-04 


47.2077326401 -60.1469696-03 -17.0027376-09 
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